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ABSTRACT

Regional and large-scale circulation anomalies associated with variations in rainfall downstream of the South
American low-level jet are identified and compared to those in the South Atlantic convergence zone (SACZ).
Composites of precipitation associated with strong jets reveal an approximate doubling of the quantities one
would expect from climatology, with an evolution of the rainfall pattern from south to north. The occurrence
of extreme precipitation events follows a similar pattern. Meridional cross sections of composite wind reveal a
distinct low-level jet near 208S and a baroclinic development farther south that appears to force the jet. Geo-
potential height, temperature, and large-scale wind composites suggest that this developing disturbance is tied
to a wave train that originates in the midlatitude Pacific and turns equatorward as it crosses the Andes Mountains.
Similar composites based on SACZ rainfall reveal similar features, but of opposite sign, suggesting that the
phase of the wave as it crosses the Andes Mountains determines whether rainfall will be enhanced downstream
of the jet or in the SACZ. The alternate suppression or enhancement of rainfall in these adjacent regions results
in a precipitation ‘‘dipole.’’ Many previous studies have found a similar out-of-phase relationship over many
time scales. The phase of the Madden–Julian oscillation (MJO) is composited relative to anomalous precipitation
events, revealing statistically relevant amplitudes associated with rainfall both downstream of the jet and in the
SACZ. The MJO is a particularly interesting intraseasonal oscillation because it has some predictability. It is
speculated that the slowly varying dipole that has been observed is a consequence of the preferred phasing of
synoptic waves due to variations of the planetary-scale basic-state flow, which is at times associated with the
MJO.

1. Introduction

A low-level jet (LLJ) stream occurs frequently to the
east of the Andes Mountains of South America in all
seasons (e.g., Stensrud 1996; Douglas et al. 2000; Pae-
gle 2000; Douglas et al. 1998; Marengo et al. 2002).
This feature is thought to be responsible for transporting
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large quantities of water vapor into central and southern
South America (e.g., Berri and Inzunza 1993; Mo and
Higgins 1996; Nogués-Paegle and Mo 1997; Li and Le
Treut 1999; Saulo and Nicolini 2000; Silva Dias 2000;
Salio et al. 2002). Although the original definition of
LLJ is related to the mesoscale characteristics of the
low-level flow (Bonner 1968), this name has been ex-
tended to identify, from a large-scale perspective, the
moisture corridor that exists along the eastern slope of
the Andes resulting from the split of the trade winds
upon approaching the mountains (Silva Dias 2000). Var-
iations of the jet are related to synoptic activity (e.g.,



3830 VOLUME 17J O U R N A L O F C L I M A T E

Douglas et al. 1998, 2000; Saulo and Nicolini 2000;
Vera et al. 2002), although the jet would likely exist in
the absence of synoptic forcing because of interaction
between mean westerly flow and the Andes (Campetella
and Vera 2002) and because of heating on a sloping
terrain (e.g., Stensrud 1996). The position of the jet, its
strength, and its diurnal cycle may be substantially al-
tered by the impact of latent heating in the central Bra-
zilian Amazon basin (Silva Dias 2000).

The LLJ is of more than academic interest because
the La Plata River basin of central South America, the
likely depository for the flux of water vapor associated
with the jet, is approximately the same size as the Mis-
sissippi River basin of North America. The basin drains
parts of five countries, contains half of their combined
population, and produces 70% of their combined gross
national products, much of it agricultural.

Another major climatological feature of South Amer-
ica during summer is the South Atlantic convergence
zone (SACZ). The SACZ is a band of enhanced cloud-
iness and precipitation that extends southeastward from
the Amazon basin into the Atlantic (e.g., Kodama 1993;
Figueroa et al. 1995; Casarin and Kousky 1986; Nogués-
Paegle and Mo 1997; Lenters and Cook 1999; Liebmann
et al. 1999), passing over major population centers of
Brazil. The most coherent forcing of the SACZ appears
to be synoptic-scale waves from the midlatitudes (e.g.,
Sugahara et al. 1994; Liebmann et al. 1999), but forcing
of the large-scale flow by Amazon convection is likely
important in maintaining its mean position (e.g., Fi-
gueroa et al. 1995).

There is mounting evidence that when moisture flux
into central South America via the low-level jet is
strong, SACZ convection is weak, and vice versa. Using
a rotated empirical orthogonal function (EOF) analysis
of 10–90-day bandpassed outgoing longwave radiation
(OLR), Nogués-Paegle and Mo (1997) found an ‘‘os-
cillation’’ with a half period of about 10 days, which
they referred to as the South American seesaw pattern.
A similar result was obtained by Liebmann et al. (1999)
when they regressed OLR in the vicinity of the SACZ
onto the OLR field, although they used 2–30-day filtered
data and estimated a period of about 13 days. Herdies
et al. (2002) constructed composites based on the di-
rection of the low-level zonal wind near 118S, 628W
during January and February 1999. They found that
westerly winds were associated with an active SACZ
and net moisture divergence over southwestern Brazil,
northern Argentina, and Paraguay (implying a weak
LLJ), while easterly winds were associated with mois-
ture convergence and a weak SACZ. Jones and Carvalho
(2002), using 10–70-day filtered data at the same point,
also found westerlies to be associated with enhanced
rainfall in the vicinity of the SACZ.

The aforementioned papers concentrated on the in-
traseasonal signal of the precipitation (or precipitation
proxy) variability. Thus far, there have been few studies
of whether the seesaw pattern also modulates the oc-

currence of heavy precipitation events. Moreover, there
is no evidence in the literature regarding the possible
relationship between the LLJ and extreme precipitation
events over subtropical South America. Therefore, pre-
cipitation anomalies and those of heavy daily rainfall
events will be documented in association with strong
LLJ episodes during austral summer. Then the synoptic
patterns associated with rain events in the vicinity of
the jet will be compared to synoptic patterns in the
context of rainfall in the SACZ, and vice versa. Previous
works have shown that these patterns are out of phase,
although an explanation of this behavior is lacking.

It has also been recognized that the activity of intra-
seasonal oscillations has an impact over South America.
Regressing 30–70-day bandpassed OLR against upper-
level winds, Kiladis and Weickmann (1992) showed a
signal south of the mean SACZ position following an
OLR anomaly over the equatorial western Pacific. Pae-
gle et al. (2000) found that the South American seesaw
pattern is influenced by oscillatory modes with periods
both of 22–28 and 36–40 days. Furthermore, Marton
and Silva Dias (2001) show that other oscillations with
distinct periods between 10 and 70 days also play a
significant role in South American precipitation. Thus
far, however, the 30–60-day band, which is related to
the Madden–Julian oscillation (MJO; Madden and Jul-
ian 1994), is the only one whose potential predictability
has been demonstrated (e.g., Ferranti et al. 1990; Jones
et al. 2004). In fact, the MJO is currently being oper-
ationally monitored and used as a predictor for exper-
imental forecasts (K. Weickmann 2002, personal com-
munication). Therefore, the focus of this paper is to
explore the relationship between rainfall, the LLJ, the
SACZ, and the MJO.

2. Data

Daily rainfall accumulations from more than 1500
stations are used to obtain the patterns of rainfall shown
below (for sources see the acknowledgments). These
data extend from 1976 to 2000. The highest density of
stations is in Brazil. The following analyses involving
individual stations require at least 10 yr of data from
each station with no more than 33% of days missing in
years with data. On average, 14% of the data are con-
sidered missing in years with data. Some of our analysis
involves data averaged onto a 2.58 grid. In this case, all
stations with at least 4 yr of data and not more than
33% of those days missing are averaged into the value
at the nearest grid point. OLR is also used as another
measure of large-scale rainfall.

The circulation fields used in this study are from the
National Centers for Environmental Prediction–Nation-
al Center for Atmospheric Research reanalysis project
(Kalnay et al. 1996) and are on a 2.58 grid. They are
daily averages from 4-times-daily fields, beginning at
0000 UTC. Over South America, and especially in the
vicinity of the LLJ, there are few upper-air observations,
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FIG. 1. DJF climatological 850-mb winds (vectors), speed (con-
toured), and vector standard deviation (shaded) for the period 1976–
97. Vector plotting starts at 4 m s21. Contours start at 6 m s21, with
an interval of 1.0 m s21. The 6 m s21 contour is solid; the others are
dotted. Areas with orography above 1400 m are shaded black.

FIG. 2. Climatological DJF total rainfall (in mm) for the period
1976–97.

and thus the fields are quite model dependent. Most of
the analyses shown below, however, were recalculated
with reanalysis data from the European Centre for Me-
dium-Range Weather Forecasts with nearly identical re-
sults.

In some datasets, rainfall is measured at 1200 UTC
(the observation time for some datasets is unknown)
and is recorded as the precipitation during the previous
day. Thus there may be a slight discrepancy between
the rain and meteorological fields, although this problem
is considered to have only a minor impact on the ap-
plications discussed here.

3. Results

a. Climatology

1) IDENTIFICATION OF THE JET

The LLJ maximum in wind and water vapor transport
have been identified to be at or below 850 mb along
the east slope of the Andes using both gridded global
analyses (e.g., Li and Le Treut 1999; Salio et al. 2002),
direct observations (e.g., Douglas et al. 1998, 2000;
Marengo et al. 2002), and regional model simulations
(e.g., Berri and Inzunza 1993; Nicolini and Saulo 2000).
Longitude–height cross sections from reanalyses (not
shown) confirm a speed maximum near 850 mb in all
seasons. The LLJ is most pronounced in summer, al-
though Li and Le Treut (1999) found that mean south-
ward moisture transport is actually larger during winter.
This paper focuses on the summer [December–January–
February (DJF)] season.

Figure 1 shows the DJF 850-mb average speed, vector
wind field, and vector standard deviation of the daily

winds. The amplitude of the vector standard deviation
is defined as the square root of the sum of the variances
of its components (Brooks and Carruthers 1953), which
permits contributions from both changes in amplitude
and phase. The strongest winds in the domain are the
easterly trades along the equator. There is strong north-
easterly flow over the easternmost part of the continent
associated with the South Atlantic high and northwes-
terlies associated with the LLJ roughly paralleling the
Andes. The maximum climatological wind speed as-
sociated with the jet is 7.1 m s21 at 12.58S, 658W. The
large variability of the subtropics extends northward into
the exit region of the LLJ. The vector standard deviation
of interannual winds (i.e., of seasonal averages over all
years) is less than 10% of the daily standard deviation
(which includes interannual variability) in the vicinity
of the jet (not shown).

2) RAINFALL

The 1976–97 DJF rainfall climatology from gridded
station data is shown in Fig. 2. Rainfall is maximum
within a northwest–southeast band defining the SACZ,
which continues off the coast into the southeast Atlantic.
In areas with data, there is a fairly uniform decrease in
rainfall from the maximum band into Paraguay and
northern Argentina. Unfortunately, long records are un-
available in the area around the mean LLJ and its exit
region.

b. Intraseasonal circulation and rainfall anomalies

1) RAINFALL ANOMALIES ASSOCIATED WITH THE

JET

In both the jet core and location of maximum vari-
ability associated with the LLJ, the mean winds are
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FIG. 3. Composite rainfall anomalies (from DJF climatology) for
periods during which the northwesterly component of 850-mb wind
at 208S, 608W is (a) above and (b) below 1 std dev of its DJF cli-
matology. Solid (dotted) contour indicates the 12 (22) mm day21

anomaly.

approximately northwesterly (Fig. 1). The amplitude of
the standard deviation of the northwesterly component
of wind (not shown) is more than 75% of that of the
vector standard deviation near its maximum, and the
fraction increases to the northwest. An index intended
to capture the variability of the jet is calculated from
the 850-mb northwesterly component at 208S, 608W.
This grid point is near the southern edge of the jet speed
maximum and within the region of maximum vector
standard deviation (Fig. 1). There are only minor dif-
ferences between the results presented below using this
index and those obtained using an index of the merid-
ional wind, which will not be shown.

The strongest jet events were identified as those days
on which the northwesterly wind is at least one standard
deviation above the DJF climatological mean. The cases
determined by this criterion were compared to those
determined by the jet definition proposed by Bonner
(1968), in which jet events were considered to be those
days with shear (defined as the speed at 850 mb minus
the speed at 700 mb) larger than 6 m s21, subject to the
additional constraint that the 850-mb speed was above
12 m s21. Most (66%) cases previously identified did
not satisfy the Bonner criterion, although that was ex-
pected since the jet definition is applied here to daily
averaged fields. The actual Bonner criterion is based on
instantaneous fields, and it is more frequently satisfied
at 0000 and 0600 UTC (Salio et al. 2002).

Figures 3a and 3b show composites of precipitation
for days on which the jet is one standard deviation or
more above and below the mean (16.7% and 16.5% of
days). The null hypothesis is easily rejected for any
shaded area (except those between 62 mm) shown (as-
suming 1 degree of freedom for each excursion of the
jet above or below the one standard deviation threshold).

When the jet is strong (Fig. 3a), an expected positive
anomaly downstream of it is evident, consistent with
the pattern produced by the Eta Model during the 1997/
98 summer during times with a strong jet (Nicolini and
Saulo 2000). There is a suggestion of the often-observed
dipole between precipitation in this region and that in
the SACZ. On the other hand, when the jet is weak (Fig.
3b), the dipole is of opposite sign and its anomalies are
approximately equal. The result of a weak jet associated
with enhanced rainfall in the SACZ is consistent with
that obtained by Nieto Ferreira et al. (2003) when they
computed the strength of the jet based on SACZ events.

Figure 4a shows the percent of rainfall that occurs
one day before those 16.7% of days on which the jet is
strongest. South of the index grid point, rainfall is ap-
proximately doubled compared to its expected amount.
Over time, this signal amplifies and moves northeast-
ward (Fig. 4b).

Heavy daily precipitation events are of particular in-
terest because of their immediate and potentially dra-
matic impacts. Following Liebmann et al. (2001), ex-
treme events are defined as occurring at each station
when daily precipitation equals at least 10% of its DJF

climatological total. For the stations used in this study,
rainfall was recorded on an average of 38.6 days during
DJF. Thus, it is expected that 2.59% of the seasonal total
will fall on a given rainy day. The percentage is about
the same for stations south of 208S. Here, the percent
of extremes at each station associated with a strong jet
is averaged onto a 2.58 grid. Using the same wind index
as was used to produce Fig. 4, the percent of extreme
events corresponding to strong jet cases is shown in Fig.
5a. South of the jet maximum, the pattern is similar to
that of the total rainfall, although the percent of extreme
events occurring on strong jet days approaches 50%,
substantially higher than the percent of total rainfall in
Fig. 4b. These results indicate a close correspondence
between the strength of the LLJ and extreme rainfall
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FIG. 4. Percent of total DJF rainfall for positive jet anomalies used
to composite Fig. 3. Units are in percent of total rainfall during those
periods, which make up 16.7% of all days. Contours begin at 25%,
with an interval of 5%. (a) Rain 1 day prior to wind event. (b) Rain
simultaneous with wind event.

anomalies to its south, in agreement with recent work
that shows the close relationship between LLJ events
and mesoscale convective systems responsible for heavy
precipitation (Nieto Ferreira et al. 2003).

Straddling the equator in Fig. 5a is an interesting
pattern of extreme event anomalies that is not mirrored
on the total precipitation anomaly map. Throughout
most of the near-equatorial Amazon basin south of the
equator, extreme events are diminished. In northernmost
South America, however, centered on Venezuela, ex-
treme events are enhanced nearly to the same degree as
to the south of the jet, although as it is the dry season
there, the actual amount needed to qualify as an extreme

event is substantially reduced compared to that during
the summer season.

Figure 5b, which shows the percent of extreme events
occurring on the 16.5% days during which the north-
westerly component of the 850 mb at 208S, 608W is
more than one standard deviation below its mean, is in
marked contrast to the pattern of extremes during the
strong jet cases shown in Fig. 5a. In this case, there are
fewer-than-expected extremes downstream of the jet,
and the only area with an increased occurrence of ex-
tremes is in a band centered slightly south of the SACZ.

2) CIRCULATION ASSOCIATED WITH RAINFALL

ANOMALIES

A problem with using a location-dependent wind in-
dex as the key variable with which to examine the evo-
lution of the circulation associated with strong jet epi-
sodes is that this will bias the result toward events at
that location. The results of the previous section show
that a substantial fraction of rainfall anomalies down-
stream of the LLJ are related to jet strength, as was
found by Nicolini and Saulo (2000) using a broader
definition of the jet that was not location dependent.
Thus it seems reasonable to construct circulation com-
posites using rainfall as the key variable, although this
choice of variable does not completely eliminate the bias
caused by using a fixed location.

Composites were produced by averaging those days
on which rainfall at 308S, 608W (in the vicinity of the
maximum rainfall anomaly associated with a strong jet
as defined here) is at least one standard deviation above
its DJF climatology. The composite longitude–pressure
cross section of the meridional wind anomaly at 208S
is shown in Fig. 6a. A northerly anomaly of 4 m s21 is
centered at 608W near 925 mb, with a low-level jet-like
structure. The anomaly is also centered at the longitude
of the climatological jet exit region, as is expected. At
308S (Fig. 6b), however, the low-level jet is overshad-
owed by a westward tilting increase of wind with height,
consistent with a baroclinic synoptic-scale system. A
similar synoptic pattern is observed during winter, al-
though during that season upper-level troughs crossing
the continent provide a baroclinic environment north of
308S where the LLJ is embedded (Vera et al. 2002).

The large-scale evolution of the 200- and 850-mb
heights and winds associated with the events are shown
in Figs. 7–10. These composites were made by identi-
fying only the maximum anomaly during each excursion
above one standard deviation. Two days prior to the
rainfall event (Fig. 7), there is clear evidence of a wave
train approaching South America from the west. As the
upper-level height anomalies pass the Andes, they turn
distinctly equatorward, following the preferred wave
guiding induced by the basic state (Berbery et al. 1992;
Ambrizzi and Hoskins 1997). There is some baroclin-
icity associated with this wave train, as seen by a slight
westward tilt with height. At 850 mb, the low heights
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FIG. 5. (a) As in Fig. 4b, except quantity plotted is percent of
extreme precipitation events, and contours begin at 30%. An extreme
event is counted at each station when daily rainfall exceeds 10% of
its DJF climatology, and is then averaged onto a 2.58 grid. (b) As in
(a), except for 16.5% of days during which magnitude of north-
westerly wind is 1 std dev below its mean.

FIG. 6. (a) Simultaneous composite of meridional wind anomalies
from DJF climatology along 208S based on 1 std dev rain events at
308S, 608W. Units are in m s21, with an interval of 0.5 m s21, and
negative contours are dashed. Dark shading indicates topography. (b)
As in (a), except along 308S.

have begun to move northward to the east of the Andes,
consistent with a developing lee trough, but the center
of the 850-mb circulation anomaly is farther to the
south. Prior to this time (not shown), the upstream cen-
ters are higher in amplitude and slightly to the west
compared to those shown in Fig. 7.

One day later, a day before the rain event (Fig. 8),
the upper-level centers over the continent continue to
develop while the upstream centers begin to weaken.
The low-level centers, however, weaken, except for the
equatorward extension of the low near the rain index
point. Vera et al. (2002) showed that such low-level
cyclone weakening is associated with changes in its bar-

oclinic structure exerted by the presence of the Andes.
This is the time of maximum strength of the LLJ.

On the day of the rain event (Fig. 9), the upper-level
downstream high continues to develop. At lower levels,
a weak negative height anomaly is observed at sub-
tropical latitudes just east of the Andes. The associated
wind anomalies exhibit an abrupt shift in the southwest
to northeast direction, which is typically indicative of
a frontal zone over this region during summer (Garreaud
and Wallace 1998), as the midlatitude cyclone center
moves rapidly eastward. A day after the rain event (Fig.
10), the upper-level pattern continues to propagate slow-
ly eastward, but the 850-mb winds have weakened over
the continent, and the low-level cyclone and associated
frontal zone is now over the ocean. In fact, the low
center has intensified such that, in contrast to the upper
level, the pattern is quite zonal.

It is interesting to compare the patterns associated
with rainfall in the vicinity of the low-level jet with
those in the SACZ. SACZ rainfall will be considered
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FIG. 7. (a) Composite anomalous 200-mb vector winds and heights
that lead the 1 std dev rainfall event at 308S, 608W (dark circle) by
2 days. For each temporal excursion of rainfall above 1 std dev, only
the maximum rain event is used to composite. Dotted curves indicate
negative anomalies. (b) As in (a), except at 850 mb.

FIG. 8. As in Fig. 7, except the fields lead the rain event by 1 day.

at 208S, 458W. This grid point is along the axis of min-
imum DJF OLR associated with the SACZ and within
the area where variance with periods less than 90 days
is at a maximum (e.g., Liebmann et al. 1999).

Figures 11–13 show 200- and 850-mb heights and
winds from 2 days before the day of the rain maximum
to the day of the maximum in an event of at least one
standard deviation rainfall anomaly at 208S, 458W. The
circulation patterns leading up to a rainfall event near
the jet and the SACZ, especially at upper levels, are
both suggestive of midlatitude wave trains that turn
northward as they cross the tip of South America. Over-
all, the SACZ pattern is weaker than that leading to
rainfall associated with the jet, implying that in addition
to the dominant wave train observed prior to rainfall in
the SACZ, there are also other, less coherent patterns
that produce rainfall there compared to in the jet area.

An important difference in the wave trains that ul-
timately strengthen the jet or result in rainfall in the
SACZ, however, is that the upper-level patterns are quite
close to being out of phase with each other. For example,
2 days prior to the rain maximum (Fig. 11 versus Fig.
7) the 200-mb anomalies are of similar magnitude near
508S, 1108W, and 358S, 508W, although the anomalies

near the tip of South America are centered on opposite
sides of the mountains. One day before the rain maxi-
mum (Fig. 12 versus Fig. 8), the pattern associated with
the jet has substantially higher amplitude; yet impor-
tantly, the winds in the vicinity of the jet, even at low
levels, are in nearly opposite directions. On the day of
rain maximum (Fig. 13 versus Fig. 9), the upper-level
wave train associated with the SACZ has nearly dis-
integrated, but the center east of the jet point and south
of the SACZ point remains strong. At 850 mb (Fig.
13b), the low centered slightly south of the SACZ base
point continues to be associated with southerly winds
in the vicinity of the jet, indicative of a weak jet. The
low is in a similar position to the high shown in Fig.
9b, which is consistent with a geostrophic strengthening
of the jet. Thus a simple hypothesis of an out-of-phase
relationship between simultaneous rainfall anomalies
downstream of the jet and in the SACZ is that the lo-
cation of the rainfall anomaly depends on the phase of
the wave as it approaches South America.

The base points from which height anomalies were
composited are near the centers of the ‘‘dipole’’ ob-
served by Nogués-Paegle and Mo (1997). Thus, the pre-
sent results are consistent with precipitation in one cen-
ter of the dipole being enhanced while the other is weak.
On the other hand, Nogués-Paegle and Mo determined
the dipole to have a half period near 10 days. Thus, the
time scale for the lag between rainfall downstream of
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FIG. 9. As in Fig. 7, except the fields are simultaneous with the
rain event.

FIG. 10. As in Fig. 7, except the fields lag the rain event by 1 day.

the jet and in the SACZ is determined not by that of an
individual synoptic wave to propagate between the two
centers of activity, but rather by the intraseasonal var-
iation of the dipole.

3) ASSOCIATIONS WITH THE MADDEN–JULIAN

OSCILLATION

The MJO has the most important tropical influence
on the global-scale circulation on intraseasonal time
scales. Its signal features convection that forms over the
Indian Ocean and then propagates eastward at about 5
m s21 until it approaches the date line (e.g., Madden
and Julian 1994), where its amplitude diminishes. The
convective signal (e.g., in OLR) exhibits a broad spec-
tral peak at planetary spatial scales at an intraseasonal
time scale of 30–70 days (Salby and Hendon 1994;
Wheeler and Kiladis 1999), although the dynamical sig-
nal is narrower in frequency. Thus the signal of the MJO
readily lends itself to isolation through space–time fil-
tering.

To capture variability associated with the MJO, daily
OLR fields from 1979 to 2000 are filtered to include
the zonal mean and eastward-propagating wavenumbers
1–9, and periods from 30–96 days (e.g., Wheeler and
Kiladis 1999). From these filtered fields, an index is
defined as the time series at 108S, 1108E, hereafter re-

ferred to as the MJO index, which is the point of max-
imum filtered DJF variance. Maximum convective ac-
tivity over that region occurs when the index is at a
minimum.

Segments of the MJO time series are then composited
relative to daily rainfall events that exceed one standard
deviation above the DJF daily mean downstream of the
jet at 308S, 608W (Fig. 14a). The base rainfall indices
are the same as those used to produce Figs. 7–11, except
that in this case all one standard deviation occurrences
are included (rather than only the maximum day per
excursion above the threshold) to increase the contri-
bution to the composite by the largest sustained events.
Thus, from this figure, one can determine whether there
is a preference for rainfall anomalies to occur during a
certain phase of the MJO.

The statistical relevance of Fig. 14a is estimated by
randomly selecting from the MJO index the number of
events (151) that went into the composite, averaging
them, and recording the absolute value of that average.
This procedure is repeated 999 times, and the value that
is equaled or exceeded by 5% of the numbers is con-
sidered as the 95% significance level.

Figure 14a reveals several days with statistically rel-
evant amplitudes of the MJO index relative to rainfall
events downstream of the LLJ. There is a slight pref-
erence for rainfall events to follow the MJO convective
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FIG. 11. As in Fig. 7, except the base rainfall grid point is at
208S, 458W.

FIG. 12. As in Fig. 11, except the fields lead the rain event
by 1 day.

maximum by 2 days, while suppressed convection in
the MJO region precedes rainfall by 26 days.

Similar composites in the vicinity of the SACZ (Fig.
14b) show substantial variation of phase and amplitude
of the composite signal at different grid points compared
to the similarity of composites from different points
downstream of the jet. At the climatological center of
the SACZ (208S, 458W; thin curve), there is a preference
for rainfall enhancement 26 days prior to the MJO index
minimum (enhanced convection) and some evidence
(not deemed statistically significant) of enhancement
around 4 days after the MJO index maximum (sup-
pressed convection). These relationships between rain-
fall events and MJO activity are also evident to the
southwest (22.58S, 47.58W; thick curve), although there
are phase shifts. At this point, however, there is also a
preference for rainfall events to occur 26 days after the
index minimum.

Figures 14a and 14b are complementary to each other
in that together they confirm the existence of a dipole
in precipitation (e.g., Nogués-Paegle and Mo 1997) as-
sociated with the MJO between rainfall downstream of
the jet and slightly southwest of the mean position of
the SACZ. For example, increased precipitation in both
regions is associated with opposite MJO phases at about
the same lag. This out-of-phase relationship is consistent
with the seesaw pattern identified by Nogués-Paegle and

Mo (1997), except that they found a half period of 10
days, while these figures indicate a half period closer
to 20 days. This discrepancy affirms that the dipole is
active on a variety of intraseasonal time scales.

Lead and lag regressions onto the MJO index are
computed to examine the structure of precipitation,
OLR, and circulation anomalies associated with the par-
ticular phases of the MJO that appear to be relevant to
rainfall in the areas of present interest. Figure 14 shows
that days around 126, 12, and 226 of the MJO cycle
appear to be key in describing rainfall variations in the
areas of interest. While day 12 is close to the peak of
MJO convection at the index point, day 126 is asso-
ciated with the decaying MJO event that was strongest
at day 0, while day 226 is associated with the end of
the previous event. Similar rainfall conditions occur
over South America in the vicinity of the dipole for both
the day 226 and day 126 regressions (not shown),
consistent with the time scale for the MJO. Since it is
physically more realistic to think of the MJO phase
described by positive lags (i.e., following the main peak
in the MJO rather than during the decay of the previous
event), the analysis will focus on days 12 and 126.

Figure 15 shows the regressions of both rainfall and
OLR anomalies onto the index 2 (Fig. 15a) and 26 (Fig.
15b) days after the peak of MJO convective activity as
defined by the index. The statistical significance of these
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FIG. 13. As in Fig. 11, except the fields are simultaneous with the
rain event.

FIG. 14. (a) Composite of time–space-filtered MJO index (see text)
at 108S, 1108E relative to 1 std dev rainfall anomalies at (a) 308S,
608W and (b) both 208S, 458W (thin curve) and 22.58S, 47.58W (thick
curve). Dotted lines represent the average of those randomizations
whose absolute value is at or above the 95th percentile, from a total
of 1000 randomizations. In (b), the statistical significance is estimated
for the point at 22.58S, 47.58W, although it is quite similar to that at
208S, 458W.

fields has been determined by taking into account the
autocorrelations of both the MJO index and the precip-
itation and OLR by the methodology described in Liv-
ezey and Chen (1983). At day 12, the centers of maxima
and minima of the precipitation and OLR fields are lo-
cally significant at better than the 95% level, while at
day 126 the OLR field passes this test, although the
area covered is reduced. Both maps, except for precip-
itation at day 126, pass the field significance test, so
for clarity we show the entire fields at each lag without
regard to significance.

On the other hand, at day 126 (Fig. 15b), an ap-
proximate opposite condition exists, with positive rain-
fall anomalies in the vicinity of the SACZ and negative
anomalies to the southwest, downstream of the LLJ.

The differences between precipitation and OLR
anomalies in Figs. 15a and 15b are noteworthy. In both,
OLR anomalies of the expected sign are in the maximum
of climatological SACZ activity, while rainfall anom-
alies are strongest on the southern edge of mean SACZ
activity. On the other hand, downstream of the jet, OLR
anomalies are not evident in association with those in
rainfall. As is known, OLR is not a good proxy for
precipitation in the subtropics, and this may explain why
the center of subtropical variability is substantially
weaker than the center that describes the SACZ in the

EOF analysis shown by Nogués-Paegle and Mo (1997,
their Fig. 3).

Figure 16a shows the global day 12 circulation at
200 hPa, when convection over the Maritime Continent
is nearly at its strongest. All patterns in this and the
following figure are highly field significant (except rain-
fall at day 126). The large-scale pattern is consistent
with many previous studies of the MJO (e.g., Knutson
and Weickmann 1987; Kiladis and Weickmann 1992;
Hendon and Salby 1994), and is somewhat similar to
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FIG. 15. Regressions of DJF precipitation and OLR onto filtered
(see description in text) OLR at 108S, 1108E for (a) 2 days and (b)
26 days after the minimum at the grid point (maximum convection).
Regressions are scaled to a 40 W m22 anomaly of the index. Solid
contours surround positive precipitation anomalies, and dotted con-
tours surround negative anomalies. OLR anomalies exceeding 64.0
W m22 are shaded. Solid (dashed) contours indicate positive (nega-
tive) OLR anomalies.

the OLR pattern found over South America by Carvalho
et al. (2004) using an EOF-based definition of the MJO.
A cyclonic circulation is centered near the east coast of
southern Argentina, an anticyclonic circulation is north-
east of the positive rainfall anomaly at 308S, 608W, and
200-mb zonal easterlies cross South America at about
208S.

At 850 mb (Fig. 17a), northwesterly anomalies in-
dicate a strengthened low-level jet. A comparison be-
tween the circulation composite patterns based on the
LLJ point (Figs. 9a,b) and those depicted by the re-
gression maps based on the MJO index (Figs. 16a and
17a) reveals strong similarities over South America.
Furthermore, the upper-level cyclonic anomaly and the
low-level anticyclonic anomaly, both associated with
enhanced precipitation downstream of the LLJ, seem to
be the features most influenced by the MJO activity.

At day 126 (Fig. 16b), when the SACZ is active, the
MJO-related convective anomalies are approximately
opposite to those at day 12. Over South America, an
upper-level zonally elongated trough extends over the
subtropics, while the 850-mb pattern (Fig. 17b) reveals
a cyclonic circulation centered west of the SACZ point.
Again, MJO-related circulation patterns are similar to
those depicted by the composites for the SACZ (Fig.
13), although there are some discrepancies, particularly
in lower levels.

4. Summary and discussion

The purpose of the research presented here is to iden-
tify rainfall and large-scale circulation anomalies as-
sociated with variations in the South American low-
level jet. A comparison is also made between these and
anomalies associated with rainfall variations in the vi-
cinity of the SACZ.

Composites of rainfall associated with strong jets re-
veal an approximate doubling of the quantities one
would expect from climatology. The anomaly first ap-
pears in the south of the domain, in central Argentina,
and moves northward with time. The count of extreme
precipitation events follows the same pattern. The ex-
treme event composite also shows a decrease of ex-
tremes associated with the jet in a zonal strip just south
of the equator and an increase in Venezuela. An ex-
pected dearth of extremes is evident when the jet is
weak.

Winds and circulation in the vicinity of the jet are
then composited based on rainfall at 308S, 608W, which
is near the maximum rainfall anomaly associated with
the jet as defined in this study. At 208S, the composite
jet is distinct, with a wind maximum near 850 mb. Far-
ther south, however, while there is a local low-level
maximum, composite winds generally increase with
height to about 200 mb, suggestive of a synoptic bar-
oclinic wave forcing the jet. This is confirmed by com-
posites of heights, temperature, and large-scale wind
anomalies, which suggest a wave train that originates



3840 VOLUME 17J O U R N A L O F C L I M A T E

FIG. 16. As in Fig. 15, except for regressions of OLR (shaded; anomalies in W m22), 200-mb vector
winds, and 200-mb streamfunction (contoured). Vector winds are plotted when speed anomalies exceed 2.0
m s21. Streamfunction contours start at 610 3 105 m2 s21, with negative contours dashed.

in the midlatitude Pacific and turns equatorward as it
crosses the Andes.

Lead and lag composites of circulation for rainfall
anomalies associated with the jet are compared to those
based on rain in the SACZ. There are some similar
features between the two composites, but the anomalies
are of opposite sign, suggesting that on a daily time
scale, a preference for rain in the SACZ should coincide
with a weak jet and dry conditions downstream of it,
and vice versa. Dipole precipitation anomalies of op-
posite sign in the locations investigated here have been
noted in many previous studies on several time scales.

However, there is a preference for synoptic-scale waves
approaching the Andes to propagate more zonally, so
that the disturbances moving northward appear to re-
quire a certain basic state that leads to the tilting as-
sociated with equatorward propagation.

An index describing the MJO is composited relative
to one standard deviation rainfall events. The amplitude
is judged to be statistically significant both for events
downstream of the jet and slightly south of the center
of the SACZ. Rainfall events downstream of the jet are
slightly more likely to occur 2 days after the peak in
convection as determined by the MJO index, while
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FIG. 17. As in Fig. 15, except for precipitation (shaded; anomalies
in mm day21), vector winds, and streamfunction at 850 mb. Vector
winds are plotted when speed anomalies exceed 0.5 m s21. Stream-
function contours start at 64 3 105 m2 s21, with negative contours
dashed.

SACZ events show a slight preference to occur 26 days
after the index peak. These phases of the MJO are ap-
proximate opposites of each other.

In the SACZ, OLR anomalies represent those in pre-
cipitation in a large-scale sense. In the subtropics, how-
ever, OLR is clearly inadequate, reiterating the need for
a dense network of grand-based observations.

While statistically relevant, the preferences for rain-
fall events downstream of the jet and in the SACZ to
occur during different phases of the MJO represent a
small change in probability. Whether this change in
probability is due to changes in the structure and prop-
agation of the synoptic waves from the Pacific into
South America, or whether the slowly varying back-
ground flow in the vicinity of South America is influ-
enced by the MJO and results in different propagation
characteristics, is not yet understood and will be a topic
of future research.

Acknowledgments. The following agencies provided
rainfall data that were used in this study: Agência Na-

cional de Energia Elétrica of Brazil, Servicio Meteo-
rologico Nacional of Argentina, C.T.M. Salto Grande,
U.T.E. Uruguay, Servicio Meteorologico Nacional of
Uruguay, Ministerio del Ambiente y los Recursos Na-
turales of Venezuela, FUNCEME of the state of Ceará,
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